Abstract: In this paper we report on the molecular cloning, sequencing and partially characterisation of a lectin from bulb of the Chinese medicinal plant Zephyranthes grandiflora. The full-length cDNA of Z. grandiflora bulb lectin (ZGBL) consisted of 986 bp and contained a 576 bp ORF encoding a 191 amino acid protein. Bioinformatics analysis results clearly indicate that ZGBL belongs to the monocot mannose-binding lectin family, which contains 3 putative mannose-binding sites per subunit. RT-PCR analysis results indicate that ZGBL is constitutively expressed in all the tested tissue types including root, bulb, leaf and flower. Interestingly, ZGBL is more closely related to the Orchidaceae rather than the Amaryllidaceae family on molecular evolution.
Introduction
During the past few years, great progress has been achieved in the study of plant anti-insect gene engineering. Although a number of anti-insect genes have been isolated and well documented (Schnepf & Whitley, 1981; Wasmann et al., 1994) , few genes resistant to homoptera (sap-sucking type) insects have been characterised. The sap-sucking insects such as aphids and planthoppers greatly damage crop production by not only directly eating plants but also acting as vectors for a variety of plant viruses (Zhu et al., 1999) . Due to advances in the biochemistry and molecular biology of plant lectins during the last decade, there is growing evidence that most plant lectins play important roles in plant's defence against various kinds of plant-eating organisms (Tang et al., 2001; Yao et al., 2003; Kai et al., 2004) .
Plant lectins are an extended group of proteins possessing at least one non-catalytic domain that binds reversibly to specific mono-or oligosaccharides (Van Damme et al., 1998) , and are widespread throughout the plant kingdom. Most of currently known plant lectins can be classified into four groups of evolutionarily related proteins: the legume lectins, the chitin-binding lectins, the monocot mannose-binding lectins and the type 2 RIP, among which the monocot mannose-binding lectins are the most extensively used ones for crop genetic modification in view of food safety Gatehouse et al., 1996; Yao et al., 2003) . Up to now the monocot mannose-binding lectins have been found in eight families, namely Amaryllidaceae, Alliaceae, Araceae, Orchidaceae, Liliacea, Iridaceae, Bromeliaceae and Taxaceae, which belong to a single superfamily of evolutionarily related proteins and were believed to play a role in recognition of high-mannose type glycans of foreign micro-organisms or plant predators (Barre et al., 1996; Kai et al., 2004) . In order to improve crop plant's resistance to insects by introducing the lectin genes, hitherto, molecular cloning of plant lectin genes have been of considerable interest in the past decade, among which lectins from Amaryllidaceae species were most extensively studied (Van Damme et al., 1991 Chai et al., 2003; Pang et al., 2003) . The monocot mannose-binding proteins or lectins have become an important tool in plant protection and plant biotechnology because their encoding genes show enhanced resistance against sap-sucking insects and nematodes. Lectins from different species of family Amaryllidaceae showed extensive similarity in both structure and functions, such as possessing signal peptides and mannosebinding sites (Van Damme et al., 1987 , 1992 Chai et al. 2003; Kai et al., 2003; Pang et al., 2003) .
The lectin GNA from snowdrop (Galanthus nivalis) was the first isolated the monocot mannosebinding lectin to be characterized in detail (Van Damme et al., 1987) and has been most widely used in plant insect-resistant breeding. Transgenic plants such as tobacco and rice expressing GNA showed significant insecticidal activity towards homoptera insects such as aphids and brown planthopper (BPH), respectively, in bioassay and feeding tests Tang et al., 2001) . Interestingly, recent studies showed that many plant lectins from Amaryllidaceae family such as G. nivalis, Narcissus pseudonarcissus and Hippeastrum had more or less inhibition to sap-sucking insects including aphids and planthoppers by artificial diet assays (Powell et al., 1993 Gatehouse et al., 1996; Tang et al., 2001) , making them potential candidates for the control of sap-sucking pests by genetic engineering.
As Zephyranthes grandiflora, one of the Chinese medicinal plant species, also belongs to family Amaryllidaceae, it is speculated that Z. grandiflora agglutinin or lectin may also have similar inhibitory effect on sapsucking insects like other lectins from Amaryllidaceae and may play a role in controlling sap-sucking insects by genetic manipulation. Whether the natural resistance properties of Z. grandiflora to diseases and pests are related or partly related to its inner mannose-binding lectin activities is unknown. Using the PCR approach of rapid amplification of cDNA ends (RACE-PCR) with RNA extracted from Z. grandiflora bulb, a full-length cDNA of Z. grandiflora bulb lectin (ZGBL) was isolated for the first time. Here we report our results which are important in understanding both the molecular evolution and expression regulation of ZGBL.
Material and methods

Materials
Z. grandiflora plants were collected from Minhang campus of Shanghai Jiaotong University in China and were grown in pots in the greenhouse under standard conditions. TRIzol Regents was purchased from GIBCO BRL (USA). One Step RNA PCR Kit was purchased from TaKaRa Biotechnology (Dalian) Co, Ltd. Primers' synthesis and DNA sequencing was performed by Shanghai Sangon Biotechnological Company, China. The pGEM T-easy vector was purchased from Promega, USA. All the other chemicals used were of analytical grade.
RNA isolation and gene cloning
Total RNA of each tissue including roots, bulbs, leaves and flowers of Z. grandiflora was isolated according to the manufacturer's instructions (TRIzol Reagents, Gibco, USA). The RNA yield was determined via optical density at 260 nm. The first strand cDNA was synthesized from 5 µg of total RNA from bulb according to the protocol of the 3' RACE System for Rapid Amplification of cDNA Ends (GIBCO BRL, USA) using the adapter primer (AP, 5'-GGCCACGCGTCGACTAGTAC(T)16 -3') provided within the kit. For the amplification of 3' end of ZGBL, a specific primer F2 (5'-ATGCAGGATGACTGCAACCT-3') was designed and synthesized according to the conserved region (MQDDCNL) of most of the known monocot mannosebinding sequences. The RACE-PCR was performed essentially according to the manufacturer's instructions, similar to previous procedure (KAI et al., 2004) . Based on the sequence of the 3' RACE product, the specific primers R2 (5'-CGGTTGGCGTTGGTGTAGAC-3') were designed to amplify the 5' end of ZGBL. Based on the nucleotide sequence of the 3' and 5' RACE products, the full-length cDNA sequence of ZGBL was obtained which was subsequently amplified via PCR using a pair of primers F1 (5'-AACGCTTGAGGTTAGTACACCAC-3') and AUAP provided within the kit. The PCR amplification and sequencing for the full-length cDNA of ZGBL was repeated three times. The full-length sequence of ZGBL was subsequently analyzed for molecular characterization such as sequence homology, the presence of conserved motifs, and secondary and three-dimensional structures, etc.
Bioinformatics analyses
ORF finder was used to predict coding sequence and BLAST tool was used to find similarity of ZGBL with other lectins in the online databases (http://www.ncbi.nlm.nih.gov/ BLAST/). SOPMA, PROSITE and Swiss-Model analyses were performed online (http://www.expasy.org/). WebLabViewerLite was used to visualize the three-dimensional structure.
The sequences of ZGBL and lectins from other plant species retrieved from GenBank (http://www.ncbi.nlm.nih. gov/) were aligned using the program Clustal W (http:// www.ebi.ac.uk/) using default parameters. A phylogenetic tree was constructed by the neighbor-joining method implemented in the Clustal W program.
DNA extraction and intron detection of ZGBL Total genomic DNA was isolated from 1 g fresh weight of Z. grandiflora leaf material according to the standard procedure described before (SAMBROOK et al., 1989) . Using the forward primer KF1 (5'-ATGGCCACCGTCAGCATCAA-3') and the reverse primer KR1 (5'-TTAATTTTTACCAG-CAGTCGTCAC-3') specially designed according to the coding sequence of ZGBL cDNA, PCR was carried out by denaturing cDNA at 94 the colour reaction using an Xgal-IPTG system and PCR identification followed by sequencing.
Tissue expression pattern analysis
To investigate tissue expression pattern of ZGBL in Z. grandiflora, aliquots of total RNA (0.5 µg) from different tissues were used as template and one-step RT-PCR was carried out with the forward primer KF1 and reverse primer KR1 specific to coding sequence of ZGBL according to the manufacturer's protocols (TaKaRa Biotechnology Co., Ltd). Meanwhile, the RT-PCR reaction for the house-keeping gene (actin gene, which is highly conserved in plants) using specific primers actF (5'-GTGACAATGGAACTGGAATGG-3') and actR (5'-AGACGGAGGATAGCGTGAGG-3') designed according to the conserved regions of plant actin genes was performed to estimate if equal amounts of RNA among samples were used as an internal control in RT-PCR (KAI et al., 2004) . RT-PCR amplification was performed in BIO-RAD Thermal Cycler (USA) using the following conditions: 50 • C for 1.5 min). The amplified products were separated on 1% agarose gel for analysis.
Results and discussion
cDNA cloning and sequence analysis of ZGBL Based on the conserved mannose-binding site sequence, a specific primer F2 was designed for the amplification of 3' end of Z. grandiflora lectin cDNA from bulb. A 750 bp fragment was obtained in which a 3'UTR of 302 bp was found downstream from the stop codon. A specific primer R2 was designed according to the 3' RACE fragment and used for the amplification of 5' ZGBL cDNA. A 400 bp fragment was obtained in which a 5'UTR of 82 bp was found upstream of the first ATG codon. Finally, the full-length cDNA sequence of ZGBL was obtained through RT-PCR reaction using the primer F1 and AUAP.
The cloned full-length cDNA of Z. grandiflora bulb lectin (ZGBL) was 986 bp (Fig. 1) and contained a 576 bp ORF encoding a protein of 191 amino acid residues with pI of 9.55 and calculated M w of about 19.9 kDa. Commonly, many of the monocot mannosebinding lectins contain 100-120 amino acids whereas ZGBL is much larger (191aa) which seems to exhibit much more similarity to Scilla campanulata fetuinbinding lectin (Wright et al., 1999) . This unexpected phenomenon suggests that variety of size of lectins from different plant species is much larger than previously believed, which provides new insights into further understanding of the molecular evolution of the monocot mannose-binding lectins.
The ZGBL cDNA was rich in G/C content with a (G+C) value of 53% while the (G+C) value of the coding sequence was even higher (63%). The 3'UTR possessed typical low GC content (38%) and a typical poly(A) tailing signal site. The richest amino acid in ZGBL was Ala (14% by frequency), followed by Asn (13%), Thr (12%), Gly (9%), Leu (9%) and Val (8%). Acidic and basic acids constituted 4% and 7% of the polypeptide, respectively. Charged amino acids formed 16% of the total protein and the percentages of polar and hydrophobic amino acids were 40% and 35%, respectively.
Protein-protein BLAST of predicted ZGBL amino acid sequence showed much wider and higher homologies to the existing monocot mannose-binding lectins than nucleotide-nucleotide BLAST results (data not shown), indicating that the protein's key structure and functional sites of this type of lectin are strongly conserved. NCBI conserved domain search results suggested that ZGBL belonged to bulb-type mannosespecific lectin containing the domain with three-fold internal repeat (beta-prism architecture). Like mannosebinding lectins from other Amaryllidaceae species such as G. nivalis, Clivia miniata, Crinum asiaticum and N. pseudonarciss, ZGBL also had three specific conservative mannose-binding boxes (QDNY). Lectins are an extended group of carbohydrate-binding proteins which specifically recognize diverse carbohydrates and mediate a wide variety of biological processes, such as cell-cell and host-pathogen interactions and innate immune responses. The consensus sequence motif QXDXNXXXY is involved in mannose recognition, which may play an important role in biological function and therefore it has been fairly conserved in evolution. Comparison of ZGBL with others mannosebinding lectins showed that ZGBL exhibited the highest degree of sequence similarity with C. asiaticum agglutinin (CAA, 69% identity), and GNA (45% identity). Notably, the predicted ZGBL protein also shared higher homologies to the antifungal protein from Gastrodia elata with identity and positive values being as high as 58% and 70%, respectively, in the local alignment.
PROSITE (Bairoch et al., 1997) analysis suggested that the deduced amino acid sequence of ZGBL had many process sites, such as glycosylation and phosphorylation sites, implying the existence of possible post-transcriptional processes.
When ZGBL isolated from bulb was compared to zga cloned from leaf previously (Kai et al., 2003) , it was found that they contained highly similar sequence especially within the coding region. However, it is very interesting to note that in bulb the lectin mRNA (ZGBL) is about 80 nucleotides longer than the leaf lectin mRNA (zga), which implied that the mRNAs encoding the Zephyranthes bulb lectins may have a longer untranslated region than the leaf lectin mRNAs; whether there is a similar phenomenon in other species of Amaryllidaceae family is still unclear. Possibly, the differences in the length of the untranslated regions of their mRNAs may be responsible for the different expression levels of the bulb and leaf lectins.
Secondary and three-dimensional structures of ZGBL
The secondary structures of ZGBL were analyzed by SOPMA (Geourjon et al., 1995) and the result showed that the putative ZGBL peptide contained 20% of α-helix, 34% of extended strand, 14% of β-turn, and 32% of random coil (Fig. 2a) . The random coil and extended strand constituted interlaced domination of the main part of the secondary structure, while the α-helix was the basic element of both N-and C-terminal parts. ZGBL consisted of 21 β-sheets connected with turns and coils; the signal peptide formed an α-helix. It is noteworthy that β-sheets occurred predominantly in the structure of ZGBL. The overall predicted folding of ZGBL, which was typically built from β-sheets connected by turns and loops, appears to create a very tight structural scaffold.
Swiss-Model structure prediction (Guex & Peitsch, 1997) revealed that ZGBL contains three putative mannose-binding sites (QDNY) in its threedimensional structure (Fig. 2b) . Whether ZGBL binds simple mannose sugars only, complex sugars only, or both, remains unknown. However, according to the common property of the monocot mannose-binding lectins, it can be speculated that ZGBL may preferentially bind mannose sugars rather than complex sugars. The amino acid sequences of the three sites were the same as those of GNA and symmetrically arranged on ZGBL molecule. On both secondary and threedimensional structure levels, ZGBL showed similarity to many other plant mannose-binding lectins (Chai et al., 2003; Pang et al., 2003) . This result indicated that monocot mannose-binding lectins had similar modelling on their structures and functions, providing evidence for an evolutionary relationship among the lectins. By the above comparison of structures of ZGBL and other plant lectins, ZGBL was found to have many characters commonly possessed by the monocot mannose-binding lectin super-family. It implies that the conserved motifs may play an important role in the biological functions and thus are preserved in evolution, while some variations on un-conserved domain can form the molecular foundation for the diversity of lectin structures and functions. The X-ray crystal structure analysis of ZGBL will further help to elucidate its detailed structure in the future.
Intron detection in the genomic region corresponding to ZGBL Most introns exist within the transcription region especially within the coding sequence of eukaryotic genes. In order to check if introns exist within the transcription region of ZGBL, PCR amplifications using genomic DNA as template were carried out as described above. Using the primer F1 and primer R1 specially designed according to the coding sequence of ZGBL cDNA, a single and specific DNA fragment was amplified (data not shown). The amplified DNA band was sub-cloned into PGEM-T vector and sequenced for two times. It was found that genomic DNA sequence of ZGBL was 576 bp long, i.e. the same length as that of the cDNA of ZGBL, indicating no intron was present in the ZGBL gene. This observation is in a good agreement with lectin genes from other Amaryllidaceae species.
Tissue expression pattern analysis
To investigate the ZGBL expression pattern in various tissues of Z. grandiflora, total RNA was isolated from different tissues including roots, bulbs, leaves and flowers, and subjected to one-step RT-PCR analysis using the primers F1 and R1. The result showed that the ZGBL expression could be detected in all the tested tissues including roots, bulbs, leaves and flowers with Root Bulb Leaf Flower ZGBL Actin Fig. 3 . RT-PCR analysis of the ZGBL expression pattern in Z. grandiflora. Total RNA (0.5 µg/sample) was isolated from the root, bulb, leaf and flower, respectively, and subjected to onestep RT-PCR amplification (upper panel). The actin gene was used as the control to show the normalization of the amount of templates used in the PCR reactions (lower panel).
higher expression in leaves and flowers than in roots and bulbs (Fig. 3) . Therefore the ZGBL was considered to be a constitutively expressing gene, in good agreement with many other mannose-binding lectin genes from other Amaryllidaceae species (Van Damme et al., 1992; Chai et al., 2003) .
Molecular evolution analysis
To investigate the evolutionary relationships among different plant lectins, the amino acid sequences of ZGBL and other lectins were used in a phylogenetic comparison of lectins from different species. A phylogenetic tree was constructed based on the deduced amino acid sequences of ZGBL and other lectins. The results showed that ZGBL and CAA formed a cluster with the shortest distances. Another cluster including the agglutinins from Epipactis helleborine (EHA) and Listera ovata (LOA) and Gastrodia elata antifungal protein (GAFP) joined this cluster to form a higher group (group 1) (Fig. 4) . All the three Areceae family lectins including the agglutinin from Arisaema heterophyllum (AHA), Arum maculatum (AMA) and Colocasia esculenta (CEA) were also grouped in one cluster (group 2). Most of the typical mannose-binding lectins, such as GNA, Narcissus hybrid agglutinin (NHA), Lycoris radiata agglutinin (LRA) and Clivia miniata agglutinin (CMA) from Amaryllidaceae species formed another group (group 3). The cluster of ZGBL and CAA showed much higher similarity to the cluster including EHA and LOA from Orchidaceae species than from typical Amaryllidaceae family. The three groups of lectins were derived from a common ancestor in their evolution. Our result suggests that plant lectins share a common evolutionary origin based on their similar roles and conserved structural and sequence characteristics, such as amino acid homologies and conserved domain motifs.
In conclusion, molecular characterization such as secondary and three-dimentional structures analyses of ZGBL showed that ZGBL is very similar to those of other Amaryllidaceae species, indicating that ZGBL has many common characteristics owned by mannosebinding lectin gene family. It is therefore speculated that ZGBL may also have functions similar with many other mannose-binding lectins such as anti-insect prop- erty and inhibition to fungal growth. The purification of ZGBL protein from Z. grandiflora and associated analysis will further elucidate the structure/function relationships of ZGBL. The cloning and characterization of Z. grandiflora agglutinin gene enables the subsequent anti-insect identification of ZGBL through transgenic technology in the future.
